Agriculture has a pronounced impact on P status and pools in transitional ecotones.
Abstract
Transitional ecotones such as vegetated buffer strips, stream banks, and streambeds retain phosphorus (P) in the immediate surroundings of farmland. Yet the fate of P in these ecotones remains unclear. Our objectives were to (i) test the difference in the P pool composition of soil and sediment between sites surrounded by agriculture and forestry and (ii) test whether specific P pools differ among transitional ecotones. Phosphorus pools (by a modified Hedley fractionation scheme) and the degree of P saturation (DPS) were determined in 33 soil and sediment samples from eight farmland and three forest sites. At farmland sites, total P in soil and sediment was more than twofold higher as compared to forestry sites. The proportion of labile inorganic P (Pi) and the DPS were significantly larger in transitional ecotones close to farmland. We further used normalized values for comparing the respective ecotones at the sites. The deviation of each transitional ecotone relative to the respective site average revealed that the normalized total P concentration and proportions of labile and moderately labile Pi were significantly smaller in bed sediment adjacent to farmland as compared to respective stream bank and buffer strip soil, whereas the stable Ca-Pi proportion was larger. The results reflected a decreased Pi sorption capacity in combination with Pi desorption and transfer of Pi into secondary Ca-Pi minerals in bed sediment. In summary, the influence of agriculture increases labile P pools in soil and sediment, which are then subject to a succession of dynamic processes resulting in a partial loss of Pi to the aqueous phase as well as fixation of Pi in the Ca-Pi pool.
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In 2019, as 350 years have passed since the discovery of phosphorus (P) through the German alchemist Hennig Brandt, its application has dramatically changed from ingredient of the "philosopher's stone" to a cornerstone of today's world nutrition (Krafft, 1969) . The import and application of considerable quantities of phosphate rock-based mineral fertilizer enabled a vast increase in crop yields during the last five to six decades but also resulted in a pronounced disturbance of the biogeochemical P cycles in our cultural landscapes (Ashley et al., 2011; Sharpley et al., 2018) . The continuous application of fertilizers caused the buildup of P stocks in farmland soils, and agriculture became the major source of P to surface waters in agricultural catchments (Sharpley et al., 1994) . From farmland soils, P becomes partially mobilized through surface runoff and erosion and is then transported along the land-freshwater continuum. Interim storage of P occurs between terrestrial and fluvial environments in so-called transitional ecotones such as riparian wetlands, vegetated buffer strips, drainage ditches, stream banks, and small interconnected streams (Haygarth et al., 2005; Sharpley et al., 2013) . While retention and storage of P in transitional ecotones constitute important ecosystem services, P can be re-released from respective storage pools over time, continuously increasing P fluxes into downstream water bodies with a lag time of years and decades (Haygarth et al., 2014) . This "legacy effect" threatens oceans and freshwater ecosystems alike with eutrophication and represents a challenge for the sustainable management of P in agricultural catchments for the next 350 years (Bennett et al., 2001; Sharpley et al., 2013) .
To understand P retention and storage dynamics in transitional ecotones along the land-freshwater continuum, it is therefore necessary to follow P fluxes from their original sources to subsequent storage pools and to shed light on the transformations of these P pools, which control the output of P from agricultural catchments. Regular application of manure and fertilizer alters the P budget and P status in farmland soils (including arable land and grassland). Due to the application of P-containing mineral and organic fertilizers, the proportion of labile (readily bioavailable) and moderately labile inorganic P (Pi) (i.e., Pi reversibly sorbed to pedogenic oxides) subsequently increases in farmland soils (Negassa and Leinweber, 2009 ). In addition to management practices, the organic matter concentration, texture, and mineralogical composition of the soil also have a strong influence on the soil P pool composition (Mabilde et al., 2017) . The presence of CaCO 3 may strongly alter the availability of Pi in agricultural soils, which also applies to soils of transitional ecotones. Soils developed from calcareous parental material with neutral to alkaline pH are expected to have higher stable Pi concentrations (i.e., Pi fixed in minerals with a low solubility) as compared to acidic soils, which retain Pi mainly by sorption to pedogenic oxides (McKenzie and Bremer, 2003; Tyler, 2002) . In comparison to farmland, soil pH, total P (TP), and bioavailable Pi concentrations are generally lower in nonfertilized soils (i.e., under forest) (Alt et al., 2011; Negassa and Leinweber, 2009 ). Loss of P from farmland is often dominated by particulate forms, although dissolved forms may also contribute depending on site-specific conditions (Kleinman et al., 2011; Sharpley et al., 1992) . The composition of eroded particulate P (PP) largely resembles the farmland soil and comprises a mixture of labile, moderately labile, and stable forms of Pi and organic P (Po) (Borda et al., 2010; Dupas et al., 2015a) . After its transport, accumulation and interim storage of P occurs in transitional ecotones. In today's agricultural landscapes, the native riparian vegetation has often been cleared and replaced by vegetated buffer strips, which constitute important retention zones for nutrients, especially for P (Hoffmann et al., 2009 ). However, P can be (re-) mobilized from particles by numerous processes, such as desorption of labile Pi, or the liberation of Pi associated with Fe-oxides and-hydroxides (Fe-Pi) under reducing redox conditions (Darch et al., 2015; Dupas et al., 2015b) . In addition, Dodd et al. (2018) recently highlighted that labile Po may substantially contribute to the loss of P from riparian buffer soils.
The mobility of dissolved Pi is controlled mainly via readsorption processes, formation of secondary mineral phases, and biological uptake (Zhang et al., 2010) . The retention of dissolved P in buffer strips decreases when available sorption sites (as represented by the P sorption capacity, PSC) become saturated, which is expressed by the degree of phosphorus saturation (DPS) (Berg et al., 2006; Breeuwsma and Silva, 1992; De Smet et al., 1995) . Hence, a high DPS increases the risk that dissolved Pi will be transferred into adjacent watercourses and raises concerns that buffer strips will become a future source of P (Stutter et al., 2019) . In addition, dissolved P and PP originating from farmland can be directly transported into watercourses during pronounced rainfall events when retention by buffer strips is reduced (Roberts et al., 2012) . Dense networks of small drainage ditches that are not flanked by buffer strips further enhance the connectivity from farmland to receiving rivers (Blann et al., 2009) . The erosion of P-enriched stream bank soils represents another potential input pathway of P into surface waters (Kronvang et al., 2002; Zaimes et al., 2008) . As fine particles feature a larger surface area, the proportion of surface adsorbed labile and moderately labile Pi is likely increased in the fine fraction (Shore et al., 2016; Withers et al., 2009 ). Subsequently, fine sediments preferentially accumulate in areas of slower flows, which locally turns drainage ditches, small streams, and riparian zones into important accumulators for PP (Meals et al., 2010) . Similar to the Pi in buffer strips, Pi in streambed sediments can be mobilized to the aqueous phase by several processes (e.g., desorption processes, redox dynamics, and hydrolysis of Po) (Rahutomo et al., 2018; Reddy et al., 1999) .
In sum, the long-term input of P from farmland has created a legacy of P in the transitional ecotones of many catchments. The composition of the P pools and dynamics therein control in turn the long-term output of P from agricultural catchments and should therefore be well investigated to develop strategies for a sustainable management of P. Previous studies reported an overall increase of TP and bioavailable Pi concentrations in buffer strip soils and streambed sediments due to prolonged inputs from agriculture (Hoffman et al., 2009; Laubel et al., 2003; Roberts et al., 2012; Zaimes et al., 2008) , but P speciation still remains largely unknown. Knowledge regarding the P status in stream bank soils is even more scarce (Fox et al., 2016; Miller et al., 2014) . Due to a lack of detailed analyses of the P pools, many studies rely on correlation analysis to infer information regarding the P pool composition in transitional ecotones under the influence of different land use (Evans et al., 2004; van der Perk et al., 2007) .
The objective of this study was to assess the P pool composition of buffer strips, stream banks, and streambeds along the land-freshwater continuum of sites that are characterized by contrasting influences of agriculture. We tested the following hypotheses. First, we hypothesized that concentrations as well as the proportions of labile and moderately labile P in soils and sediments are higher at sites in closer proximity to farmland than at forestry sites. Our second hypothesis was that the composition of the P fractions differs among buffer strips, stream banks, and streambeds at farmland sites. In particular, the proportions of labile and moderately labile Pi increase along with the DPS from buffer strip soils to streambed sediments.
Methods

Study Areas and Sampling
The study areas are located in the South German Scarplands region, which is characterized by a high risk for soil erosion and diffuse P inputs into surface waters due to a combination of landscape morphology, geology, and intense agricultural use (Fuchs and Schwarz, 2007) . Climate projections for the South German state Baden-Württemberg forecast an increase in days of extreme precipitation (>25 mm d -1 ) from the current average of 3.6 d to 4.3 d for the near future (2021-2050), accompanied by a predicted increase in average winter precipitation by +5 to +15% (Wagner, 2013) . These changes substantially increase the potential loss of P from farmland via surface runoff and erosion.
Eleven sites in the upper Neckar basin near the city of Tübingen were selected to capture differences regarding land use (i.e., forestry and farmland). The sites belonged to three study areas ( Fig. 1) , two of which are situated in the Ammer catchment (Area 1 and 2), and one in the Goldersbach catchment (Area 3). All three areas generally share the same geological background (Lower and Middle Triassic Keuper sequences), which locally comprises thin sequences of sandstones and evaporitic marlstones, as well as aeolian (loess), colluvial, and alluvial deposits (further details are provided in Supplemental Table S1 ). Differences concerning the geochemistry (i.e., pH and CaCO 3 concentrations) are therefore explicitly taken into account in the data evaluation.
The Ammer catchment covers an area of 165 km 2 and is dominated by agriculture (Keil et al., 2010) . Because grassland and cropland fields are closely intertwined in the Ammer valley and both are characterized by P inputs through manure and fertilizer application, we combined them in one land use class ("farmland"). The Ammer catchment is generally characterized by an absence of natural riparian vegetation, while buffer strips border dense networks of drainage ditches and small-straightened streams (Strahler order 1-2). At the selected sampling sites, there were no additional known P input sources except for diffuse input from fertilized farmland. Only streambed sediments at Ammer Sites 1d and 1e were additionally influenced by effluents from a wastewater treatment plant located ~10 km upstream. In addition to the sites adjacent to farmland, one forestry site (1a) was included in this catchment, which is presumably uninfluenced by past and present anthropogenic P inputs according to the local topography and the stand age of the trees (~61-179 yr, Supplemental Table S1 ). The upper part of the Goldersbach catchment (39 km 2 ) served as reference catchment, which has been forested (including riparian vegetation) since 1820 and therefore unaffected by anthropogenic P inputs (Einsele, 1986; Grathwohl et al., 2013) .
In January and February 2017, bulk samples (mineral soil only) were collected from 0-to 5-cm depth with a folding spade at the 11 sites following a straight orthogonal transect from the streambed over the center of the stream bank to the adjacent buffer strip (farmland sites) or riparian floodplain (forestry sites) ( Fig. 1; Supplemental Fig. S1 ). To account for potentially sitespecific spatial variability, samples were collected in triplicates with a distance of 2 to 10 m downstream between each replicate. For each site, position of the samples in regard to the streambed as well as land use and topography were recorded (Supplemental Table S1 ).
Chemical Analyses
All bulk samples were, if not mentioned otherwise, air-dried, sieved to the fine fraction (<2 mm), with roots and larger fragments of organic matter removed with tweezers. All vials and storage devices were soaked in 1% HNO 3 (v/v) and rinsed with Milli-Q water before use. Chemicals used were of practical grade. The pH was determined from an extraction of 5 g of dried (40°C) sample material with 25 mL of a 0.01 M CaCl 2 solution using a pH meter (pH 340 and a Sentix 81 electrode, WTW GmbH) according to DIN EN 15933 (2012-11-00, German Institute for Standardization). For the analyses of CaCO 3 and element concentrations, the sample material was additionally homogenized (planetary ball mill Pulverisette 5, Fritsch). The CaCO 3 concentration was measured with a Calcimeter (Eijkelkamp Agrisearch Equipment; Blume et al., 2011) and was used to calculate the inorganic C (C inorg ) concentration. Total C, total N, and total S were analyzed with an Element Analyzer (Vario EL III, Elementar Analysensysteme GmbH). Total organic C (C org ) was calculated as the difference between total C and C inorg . Samples were classified as calcareous (pH ≥ 6.8, CaCO 3 ≥ 1.0 wt%), or noncalcareous (pH < 6.8, CaCO 3 < 1.0 wt%; Supplemental Fig.  S2 ). To assess total concentrations of P (TP) and other major and trace elements by inductively coupled plasma optical emission spectrometry (ICP-OES) (Optima 5300 DV, PerkinElmer), a microwave-assisted aqua regia pressure digestion was conducted (method E701, MLS GmbH). Further analytical details are provided in the Supplemental Material ("Supplement: Chemical Analyses"). Particle-size analysis was conducted after organic matter destruction and sodium pyrophosphate treatment with a combination of wet sieving and sedigraph analysis (SediGraph III Particle Size Analyzer, Micromeritics). Two samples, (2d stream bank, 2c streambed), showed flocculation and were therefore analyzed for the silt and clay fraction by pipette method using Köhn cylinders (measuring cylinder class A, Hirschmann Laborgeräte).
A modified sequential P extraction was applied based on the schemes developed by Olsen (1954) and Hedley et al. (1982) , the latter modified by Tiessen and Moir (2007) . The Hedley extraction scheme is generally suitable for assessing the P pool composition in both soils and sediments (Cross and Schlesinger, 1995) . Fresh samples were sieved (<2 mm), stored at 4°C, and further processed within 24 to 48 h after collection to avoid alteration of sensitive P pools due to drying and rewetting. Dry-weight equivalents of 0.5-g sample material were first extracted with 0.5 M NaHCO 3 solution (Carl Roth) at pH 8.5. This fraction represents "labile P, " which comprises easily degradable Po as well as loosely adsorbed Pi (Mattingly, 1975) . Remaining sample material was extracted with 0.1 M NaOH solution (Sigma-Aldrich) to obtain the "moderately labile P" fraction, which represents more stable forms of Po such as microbial P and "detritus" Po, as well as Pi associated with Al-, Mn-, and Fe-oxides and -hydroxides. Sample material was then extracted with 1 M HCl (Sigma-Aldrich) at 80°C to extract Pi associated with Ca minerals such as apatite or octacalcium phosphate (referred to as Ca-Pi in the following). Remaining nonextractable P was dissolved in 0.5 M H 2 SO 4 (Merck) after combustion at 550°C, converting all P forms into Pi. Both, Ca-Pi and nonextractable residual P are considered as nonbioavailable, stable P pools (Cross and Schlesinger, 1995) . Total P was determined from NaHCO 3 and NaOH solutions by ICP-OES, whereas Pi was determined from all extraction solutions by a continuous-flow analyzer (Seal Analytical) using the molybdenum-blue method (Murphy and Riley, 1962) . All extractants were centrifuged and filtered (Mn 619 G1/4, Macherey-Nagel) prior to the analyses. The concentration of Po in NaHCO 3 and NaOH solutions was calculated as difference between the TP and the Pi concentration (Toor et al., 2006) . Compared with the TP concentration determined from acid pressure digestion, the sum of P (Pi and Po) concentrations in the modified Hedley extractions reached an average recovery rate of 95.1 ± 9.6% (Supplemental Fig. S3 ).
The first step of the Hedley sequential extraction would usually include resin-extractable Pi (Pi resin ). However, this step was performed separately to avoid loss of sample material due to sorption of the clayey and silty sample material to the resin membranes. Note that the resin-extractable P fraction was not taken into account in the calculations of the P pools for the modified Hedley sequential extraction. Resin extraction solutions were analyzed for Pi using a continuous-flow analyzer.
To determine PSC and DPS, samples were extracted with ammonium oxalate solution (Merck) at pH 3.2 following the protocol of Schwertmann (1964) and DIN 19684-6 (German Institute for Standardization). Results were used to calculate the PSC [= 0.5 × (Al ox + Fe ox ), mmol kg −1 ] and the DPS (= P ox /PSC × 100, %) according to Breeuwsma and Silva (1992) . Measured P ox concentrations in calcareous samples were consistently twice as high as the sum of the labile and moderately labile P concentrations (Supplemental Fig. S4 ), indicating extraction of additional P from the Ca-Pi pool by the acid ammonium oxalate extraction solution ( Jalali and Jalali, 2017) . Therefore, P ox concentrations in calcareous samples were corrected as described in the Supplemental Material. Detection limits for all analyses are provided in Supplemental Table S2 , and further details regarding the applied analytical methods are provided in the Supplemental Material.
Statistical Analyses
The statistical data interpretation was performed with Microsoft Excel 2016 and IBM's SPSS Statistics (v. 24), with a confidence interval of 95%, and p ≤ 0.05 was considered statistically significant for all tests. Values below the detection limit were set to zero before average values were calculated for each variable from the three replicate samples. The contribution of the modified Hedley P fractions was included as percentage of the sum of all P fractions, and Pi resin was included as percentage of TP. The data were tested for normal distribution (Shapiro-Wilk test) and homogeneity of variances (Levene test). A twotailed t test was used to test for differences of the mean values of variables between different land use (forestry vs. farmland) over all ecotones. For non-normally distributed variables, the Mann-Whitney U-test was used. The Spearman rank correlation test (two-tailed) was used to explore relationships between the measured variables of the three ecotones.
Because of differences in P fractions among the sites, we used values normalized per sampling site (z transformation) for comparing the respective ecotones (buffer strip and riparian floodplain, stream bank, and streambed). These were calculated for all variables based on the deviation of each transitional ecotone relative to the respective site average (Oelmann et al., 2017) . By combining all farmland and forest sites, a t test for one sample, that is, a test against zero (normally distributed data), reveals whether a given ecotone is characterized by consistently greater or smaller normalized values as compared to the respective site average. For non-normally distributed variables, a Wilcoxon test against a median value of zero was applied.
Results
Influence of Land Use
The TP concentration in soil of buffer strips and stream banks as well as bed sediment close to farmland ranged from 499 to 1392 mg kg -1 (mean: 837 mg kg -1 ), which was significantly higher (p < 0.001) than for the forestry sites (162 to 679 mg kg -1 ; mean: 372 mg kg -1 ) ( Fig. 1 and 2a) . The contribution of Pi resin to TP was significantly larger (p < 0.01) for farmland sites, as well, ranging from 0.3 to 5.3% (forestry: 0.2-2.0%; Supplemental Table S3 ). This difference in Pi resin further corresponded with larger DPS values (farmland: 19.4 ± 5.2%; forestry: 11.4 ± 5.4%, mean and ± standard deviation; p < 0.001) and P ox concentrations (farmland: 15.5 ± 5.7 mmol kg -1 ; Fig. 2 . Boxplots summarizing total P (TP) concentrations, P fractions, organic C (C org ), CaCO 3 , pH, resin-extractable inorganic P (Pi resin ), degree of P saturation (DPS), and particle-size fractions for all three ecotones (n = 33) in forest vs. farmland sites. Due to the important influence on the P fractions, samples were subdivided into noncalcareous and calcareous. Whiskers refer to the 1.5× interquartile distance, and circles represent outliers. Differences between land use (comprising both calcareous and noncalcareous soils and sediments) are significant at *p < 0.05, **p < 0.01, ***p < 0.001. forestry: 5.1 ± 3.4 mmol kg -1 ; p < 0.001), whereas the PSC did not differ (farmland: 51.3 ± 14.0 mmol kg -1 ; forestry: 45.8 ± 25.5 mmol kg -1 ; p > 0.50). At the farmland sites, the relative proportion of NaHCO 3 -Pi and HCl-P was significantly larger, whereas NaOH-Po was less (p < 0.05; Fig. 2b ,e,f ). Generally, HCl-P represented the dominant P fraction at all sites (farmland: 57.2 ± 12.1%; forestry: 37.7 ± 14.2%). Furthermore, pH, CaCO 3 , silt, and clay contents were significantly higher at the farmland sites (p < 0.05), while the sand content was lower ( Fig.  2l-p) . There was no difference regarding the proportions of NaHCO 3 -Po, NaOH-Pi, H 2 SO 4 -P, as well as the C org concentrations ( Fig. 2c,d,g ; p > 0.05). Due to the potential influence of pH and the CaCO 3 concentration on the P pool composition, the illustration of the analytical results further distinguishes between noncalcareous and calcareous samples (Fig. 2) .
Comparison of Transitional Ecotones
The average TP concentration was 741 ± 286 mg kg -1 in buffer strip and riparian floodplain soil, 736 ± 265 mg kg -1 in stream bank soil, and 654 ± 338 mg kg -1 in streambed sediment (Supplemental Table S3 ). The relative standard deviation of the three replicate measurements per site ranged from 2.7 to 22.5%, reflecting a rather homogenous TP distribution in soil and sediment. The composition of the modified Hedley fractions and other variables was similar for all three ecotones at farmland and forestry sites(Supplemental Fig. S5 ). The texture was mostly dominated by clay and silt (Supplemental Table S3 ). Correction of DPS values for calcareous samples (see section "Chemical Analyses" above and in Supplemental Material) allowed for the comparability of the samples irrespective of the CaCO 3 concentration. The DPS values at farmland sites declined from buffer strip (21.9 ± 4.4%) to stream bank soil (18.8 ± 5.2%) and streambed sediment (17.7 ± 5.6%).
We used the deviation of each transitional ecotone relative to the respective site average to explore the effect of transitional ecotones on P fractions irrespective of differences among the sites. The transitional ecotone mainly influenced normalized TP concentrations at the farmland sites (Fig. 3) . Here, TP was (forestry n = 3, farmland n = 8 per ecotone) . Whiskers refer to the 1.5× interquartile distance, and circles represent outliers. Deviation of ecotone relative to the respective site average is significant at *p < 0.05, **p < 0.01, ***p < 0.001. significantly higher in buffer strip soil compared with the respective site averages (p < 0.05) (Fig. 3a) . In absolute terms, the mean difference in TP concentrations between farmland buffer strips and the respective site average was 54.2 mg kg -1 , which equals a relative difference of 8.5% (for calculation basis, see Supplemental Table S3 ). In addition, buffer strips at farmland sites showed significantly greater normalized DPS, C org , and clay proportions than the site averages, while the normalized CaCO 3 concentration and sand content were smaller (Fig. 3a,h,k-m, o) . For the stream bank soil at farmland sites, only the normalized NaHCO 3 -Po proportion (Fig. 3c ) was significantly greater than the site average (p < 0.05). Furthermore, streambed sediment from farmland sites was characterized by a significantly lower normalized TP concentration (Fig. 3a) . The absolute mean difference in TP concentrations from the respective site average was 61.1 mg kg -1 , corresponding to a relative difference of 9.6%. In addition, normalized proportions of labile P (Pi resin , NaHCO 3 -Po), DPS, and moderately labile P (NaOH-Pi) were also smaller in streambed sediment from farmland sites than the respective site averages (mean relative differences were 37.8, 17.9, and 15.0%, respectively) ( Fig. 3c,d,h,j) . In contrast, the normalized HCl-P proportion was greater (relative difference of 5.8%) than the mean site average, along with the normalized CaCO 3 and sand content (Fig. 3f,l,m) .
Fig. 3. Normalized values for (a) total P (TP) concentrations, (b-g) proportions of respective P fractions, (h-i) degree of P saturation (DPS) and P sorption capacity (PSC) values, (j) resin-extractable inorganic P (Pi resin ) as contribution to P t , (k-l) organic C (C org ) and CaCO 3 concentrations, and (m-o) the particle size composition for the transitional ecotones subdivided by land use
At the forestry sites, normalized TP concentrations did not differ among the ecotones (Fig. 3a) . For the forestry floodplain sites, only the normalized silt content was significantly higher than the site average (Fig. 3n) . No deviations relative to the site average were observed for the stream bank soil at the forestry sites. In the streambed sediment, normalized HCl-P concentration and sand content were significantly increased, while the normalized PSC was decreased ( Fig. 3f,i,m ).
Discussion
Influence of Land Use
Irrespective of the transitional ecotone, the TP concentration in soil and sediment adjacent to farmland was on average more than twofold higher than the forestry sites ( Fig. 2a ). As observed elsewhere, prolonged fertilizer application can increase TP concentrations in farmland soil by a factor of 2 to 10 compared with the respective background in nonfertilized soils (Fox et al., 2016; Sharpley et al., 2013) . The accumulation of P from farmland is further capable of contributing to TP concentrations in top soils and sediments of adjacent transitional ecotones (Shore et al., 2016; van der Perk et al., 2007; Withers and Jarvie, 2008; Zaimes et al., 2008) . Land use also strongly influenced the respective P pool composition. The proportion of moderately labile Po (NaOH-Po) was significantly greater at the forestry sites ( Fig. 2e) , which is characteristic for natural sites that are not influenced by regular inputs of Pi via fertilizer application (Cheesman et al., 2014; De Schrijver et al., 2012) . At the sites close to farmland, the average proportion of labile Pi forms, as represented by Pi resin and NaHCO 3 -Pi, was more than twofold greater than at the forestry sites (Fig. 2b,j) . In addition, the proportion of HCl-P was on average more than 1.5 times greater at the farmland sites, irrespective of the ecotone (Fig. 2f ) . As expected, land use further reflected a pronounced influence on the DPS, with values almost twice as high at farmland sites than at forestry sites (Fig. 2h) . Such a pronounced difference in DPS of topsoil in regard to land use was previously described by Rubaek et al. (2013) in Belgium. We attribute differences in the soil and sediment P status at our sampling sites mainly to the diffuse input of P from adjacent farmland. Under agriculture, TP and Pi concentrations in the soil are usually increased due to regular fertilizer and manure application and to mineralization of organic P during cultivation (Vaithiyanathan and Correll, 1992) . In contrast to nonfertilized soil, this translates into increased TP concentrations along with the DPS, labile, moderately labile, and stable Pi over time (De Smet et al., 1995; Negassa and Leinweber, 2009 ). Potential contribution from other major P input sources at the study sites could be excluded based on present and past land use as well as the spatial position of the sites. Only the streambed sediment at the Ammer main and side channel (Sites 1d and 1e) was additionally influenced from an upstream wastewater treatment plant, resulting in the highest observed labile Pi concentrations (Pi resin up to 50.6 mg kg -1 , NaHCO 3 -Pi up to 80.9 mg kg -1 , respectively; Supplemental Table S3 ). This anthropogenic influence was also reflected in the TP concentration of surface water, which ranged from 0.01 mg L -1 at one of the Ammer springs to 0.18 mg L -1 below the wastewater treatment plant near Tübingen (see Supplemental Table S4 ). In contrast, water of the Goldersbach showed no signs of increased P concentrations (P < 0.007 mg L -1 ).
The influence of land use on the P status of soil and sediment in catchments can be further affected by local differences in physicochemical properties, which originate from heterogeneities of the parental rock or anthropogenic influences such as liming. Therefore, we cannot exclude a potential influence of differences in fundamental soil characteristics on P pools a priori to the present land use as discussed in the following.
Pronounced differences in pH and CaCO 3 concentrations occurred between sites (Fig. 2l,m) , which affected the HCl-P fraction. A significant positive correlation of the HCl-P proportion with the CaCO 3 concentration (r = 0.82, p < 0.01; Supplemental Table S5 ) pointed at the formation of secondary Ca-Pi mineral phases. Absolute concentrations and relative proportions of HCl-P were generally greater in calcareous soil and sediment compared with noncalcareous samples, especially pronounced at the farmland sites ( Fig. 2f, Supplemental Fig. S6a,b ). Furthermore, silt and clay contents were significantly greater at the farmland sites, whereas the proportion of sand was greater at the forestry sites ( Fig. 2n-p) . Such a difference in texture could affect P sorption behavior and therefore the proportion of labile P and, thus, TP concentrations (Darch et al., 2015; Young and Ross, 2016) . In addition, the TP concentration, proportions of Pi resin and NaHCO 3 -Pi, and P ox and DPS were significantly positively correlated with the silt content and negatively correlated with the sand content (p < 0.05; Supplemental Table S5 ). Interestingly, no significant differences occurred regarding the PSC values (representing the general availability of P sorption sites) of farmland and forestry sites, which was likely due to the high standard deviations at the forestry sites (Fig. 2i) . In summary, land use has a pronounced influence on the P status in soil and sediment of transitional ecotones; however, a priori differences in physicochemical properties, especially regarding pH, CaCO 3 concentrations and texture, may significantly contribute to differences in specific P pools and therefore need to be considered when evaluating the impact of land use.
Comparison of Transitional Ecotones
The deviation of each transitional ecotone relative to the respective site average revealed that normalized TP concentrations and the P pool composition significantly differed for buffer strips, stream banks, and streambeds only at the farmland sites ( Fig. 3a-g) . Here, normalized TP concentrations in topsoil of the buffer strips were higher than respective site averages (Fig. 3a) , which suggests contribution of P from adjacent farmland. An increase in TP and labile Pi of buffer strip soil compared with adjoining cropland was previously described by Habibiandehkordi et al. (2019) and Roberts et al. (2012) . Furthermore, DPS values were highest in buffer strip soil (reaching up to 27%; Supplemental Table S3 ). From an ecological point of view, a high DPS exceeding 25 to 30% is problematic because the retention of dissolved Pi via surface adsorption is reduced (Breeuwsma et al., 1995; De Smet et al., 1995) . Considering the important role of buffer strips as a transitional ecotone linking farmland and surface water, saturation with Pi may result in increased inputs of dissolved Pi to interconnected streams. Regular biomass harvesting may represent a suitable management measure to counteract this accumulation of P, which is able to deplete DPS in topsoil of the buffer strips over time (Hille et al., 2019) . Furthermore, not only does the harvested biomass remove surplus P; it could be of further value (i.e., as natural fertilizer or raw material for bioenergy production), which would also cover part of the harvesting costs (Stutter et al., 2019) .
In stream bank soil, the P status did not generally differ from respective site averages. Only normalized NaHCO 3 -Po was significantly larger along with the normalized C org concentration, reflecting intense biological cycling and an increased Po pool. Generally, soil organic matter may represent an important storage pool for P (Evans et al., 2004; House and Denison, 2002; Young and Ross, 2016) . This also applies to our sites, as suggested by a positive correlation between TP and C org concentrations in soils and sediments of all ecotones (r = 0.46, p < 0.01; Supplemental Table S5 ).
Contrary to expectations, streambed sediment of farmland sites was characterized by significantly lower normalized TP concentrations compared with stream bank and buffer strip soil. However, the absolute TP concentrations in bed sediment varied considerably (499-1392 mg kg -1 ) but were generally in the same range of what has been reported for the fine fraction (<20 mm) of Neckar bed sediment close to Tübingen (770-1530 mg kg -1 ; LUBW, 2013). The TP concentrations were also similar to the Ontario provincial sediment quality guideline threshold of 600 mg kg -1 , which was selected to avoid negative ecological impacts (Persaud et al., 1993) . The normalized proportions of labile P forms (i.e., Pi resin , NaHCO 3 -Po) in bed sediment were also significantly lower than the site averages (Fig. 3,c,j) . This difference can be explained by a coarser texture of the streambed sediment (see significantly higher normalized sand content; Fig.  3m ), providing less surface area and therefore potential sorption sites as previously discussed. However, the normalized DPS was also significantly smaller ( Fig. 3h ), suggesting the labile P pool in bed sediments was influenced by further contributing factors in addition to texture. Desorption and flush-out of labile P with ambient stream water offer another explanation for the smaller proportion of labile P in the bed sediment (Dorioz et al., 1989; Reddy et al., 1999) . Especially eroded particles from acidic soil will lose labile and moderately labile Pi via desorption because of an increase in pH to slightly alkaline by the stream water (Ammer water: pH 7.3-8.1; Supplemental Table S4 ) (Huang et al., 2005) .
In addition, the normalized proportion of NaOH-Pi (representing Pi bound to pedogenic oxides) was significantly smaller in streambed sediment than the site average (Fig. 3d) . Mottles of Fe-and Mn-oxides in the streambed sediment at our sites reflected dynamic redox conditions, which have likely reduced the Fe-Pi pool over time. Generally, NaOH-Pi, TP, NaHCO 3 -Po, and Pi resin were positively correlated to Fe ox in all samples (r = 0.74, 0.48, 0.45, and 0.45, respectively, p < 0.01, Supplemental Table S5 ), highlighting the important role of Fe-oxides and -hydroxides as sorbents for P. Intense microbial activity fosters a decline in the redox potential of the streambed sediment, in turn causing mobilization and loss of Fe-bound Pi to the aqueous phase through the reductive dissolution of Fe-oxides and -hydroxides (Aldous et al., 2005; Dupas et al., 2015b) . As highlighted by Hoffman et al. (2009) and Dorich et al. (1985) , the NaOH-Pi fraction (at least some fraction of it), in addition to the labile Pi and Po pool, in streambed sediment should be considered potentially mobile and bioavailable. According to this assessment, the absolute concentration of potentially bioavailable P in the sediment of the streambed of the farmland sites (as represented by the sum of NaHCO 3 -Pi and -Po and NaOH-Pi) represents on average 18.0% of the TP concentration.
Furthermore, the normalized HCl-P proportion and CaCO 3 concentrations in streambed sediment at the farmland sites were significantly higher than the site mean averages of the three ecotones ( Fig. 3f,l) . The HCl-P fraction comprises primary and secondary Ca-Pi minerals, such as apatite or octacalcium phosphate (Daly et al., 2015; Eriksson et al., 2016) . Considering the local geology and water chemistry ( Supplemental Table S4 ), both primary and secondary Ca-Pi minerals are likely to occur at the study sites. Anthropogenic activities (i.e., liming and fertilization) may also increase Ca-Pi at farmland sites (Alt et al., 2013) . However, the normalized HCl-P proportion in streambed sediment was significantly increased at the forestry sites ( Fig.  3f ) , as well, which indicates either a natural formation of secondary Ca-Pi at all sites or an accumulation of Ca-Pi minerals in streambed sediment resulting from long-term erosion of topsoil from surrounding land over time. Furthermore, the normalized CaCO 3 concentration in buffer strip soil at the farmland sites was significantly lower than the respective streambed sediment (Fig. 3l) , which points to the formation of secondary Ca-Pi minerals in the latter. Precipitation of secondary Ca-Pi minerals is fostered by a neutral to slightly alkaline pH (7.3 to 8.3) and Ca 2+ concentrations >100 mg L -1 in the water of Ammer and Goldersbach and their tributaries (Supplemental Table S5 ). Formation of secondary Ca-Pi minerals generally represents an important potential sink for Pi that enters surface water either directly as dissolved Pi or from mobilization in streambed from labile and/or moderately labile P pools, as discussed previously. A partial transfer of Pi into the Ca-Pi pool largely reduces not only its bioavailability (Edwards and Withers, 2007; Shore et al., 2016) but also its mobility, which therefore has a dampening effect on the amount of dissolved Pi that is exported from the farmland sites by receiving waters. In sum, the composition of the P fractions in streambed sediment at farmland sites reflected influences of physicochemical properties (e.g., P sorption capacity as a function of texture), as well as a succession of closely interlinked dynamic processes that enable a partial transfer of labile and moderately labile Pi to surface water but also into the stable Ca-Pi pool.
Conclusion
In agreement with our first hypothesis, our results indicate that agriculture not only has a pronounced impact on the TP concentration in soil and sediment of transitional ecotones of agricultural catchments but also significantly increases the DPS and the proportion of labile Pi. This is in clear contrast to the development of P pools in soils that are not receiving relevant P inputs from external sources. Usually, TP concentrations as well as proportions of labile Pi decline during pedogenesis due to P losses through weathering and conversion into moderately labile and stable P forms. As such, the impact of agriculture on the P pool composition of transitional ecotones has a strong influence regarding the amount of P that can be (re-)mobilized through the coming decades.
The P pool compositions differed significantly among buffer strips, stream banks, and streambeds at farmland sites, partially confirming our second hypothesis. However, contrary to our original expectation, the normalized proportion of labile and moderately labile Pi in bed sediment of farmland sites was smaller as compared to adjacent buffer strip and bank soil. We attribute this to a combination of differences in the sorption capacity, the transfer of labile and moderately labile P into the stable Ca-Pi pool, and a loss of Pi to the aqueous phase, the latter being associated with further transport in the aquatic system.
Enormous efforts are needed in the next 350 years to reconnect broken P cycles and to reduce P losses from agricultural catchments. We showed here that transitional ecotones represent the critical node of linking past and present P fertilizer inputs to farmland to the interim storage of P in soil and sediment of transitional ecotones. Dynamic changes in the P pools of the transitional ecotones further allow for the subsequent transfer of Pi into aquatic systems, which in turn significantly controls the output of P from agricultural catchments. Future P research should therefore aim to increase our knowledge of spatial and temporal dynamics of P in transitional ecotones, which will also facilitate the development of sustainable management measures reducing the transfer of P into surface waters. For example, the stepwise removal of bioavailable P via regular biomass harvesting may represent a cost-effective management measure allowing subsequent depletion of P concentrations in soils of transitional ecotones. Furthermore, after appropriate preparation, the harvested biomass might be applied to adjacent farmland as natural fertilizer, thereby reducing the requirement of mineral P fertilizer.
Supplemental Material
The supplemental material provides additional methodological details, an overview of sampling sites ( Supplemental Table S1 ), a summary of analytical details ( Supplemental Table S2 ) and results ( Supplemental  Table S3 ), additional water chemistry data (Supplemental Table S4 ), outcomes of a correlation analysis ( Supplemental Table S5 ), an overview of the sampled sites (Supplemental Fig. S1 ), a comparison of pH and CaCO 3 concentrations (Supplemental Fig. S2 ), a comparison of TP to the modified Hedley fractions (Supplemental Fig. S3 ), a comparison of P ox to NaHCO 3 -and NaOH-P concentrations (Supplemental Fig. S4 ), absolute concentrations of TP, respective Hedley fractions, and complementary variables in samples of the respective transitional ecotones (Supplemental Fig. S5) , and a comparison of CaCO 3 and HCl-P concentrations (Supplemental Fig. S6 ).
